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We have identified a transcriptional switch at the early promoter region of bacteriophage HP1. This switch controls the
transcription of the early lytic operon from the PR1 and PR2 promoters and the transcription of the lysogenic operon from
the PL promoter. The start sites of the three promoters were mapped, and using a chloramphenicol acetyl transferase
assay, we have investigated the levels of transcription from the promoters in the absence or in the presence of two phage-
encoded transcription factors: HP1 Cox and HP1 CI. The HP1 Cox protein repressed the production of PL transcripts 30-
fold, while the HP1 CI protein repressed lytic transcription at least 70-fold. Binding sites for HP1 Cox and CI were identified
in the early promoter region; mutations of these sites eliminated transcriptional repression. In addition, a mutant CI protein
was isolated which is temperature sensitive for repression. Taken together, these data demonstrate the reciprocal regulation
of a transcriptional switch in which the actions of the two phage-encoded proteins at the phage early promoters determine
the choice between lytic and lysogenic growth. q 1997 Academic Press
INTRODUCTION Similar systems have been described in the P2 class
of bacteriophage of which HP1 is a member. In both
Bacteriophage HP1 is a temperate phage which in- coliphage P2 and coliphage 186, the switch appears to
fects and lysogenizes its host Haemophilus influenzae be less complex than in the lambdoid phage family. Two
Rd. In its lysogenic state, the phage genome inserts into overlapping promoters control the lysogenic and early
a single site in the bacterial chromosome by means of a lytic operons (Bertani and Six, 1988; Kalionis et al., 1986).
site-specific recombination reaction. In order to produce The first protein produced by the lysogenic operon (pro-
large quantities of progeny phage, however, the inte- duced from PL in 186 or PC in P2) is the phage repressor
grated prophage must excise from the host genome and (C or CI, respectively), which inhibits transcription from
enter the lytic life cycle. This can occur naturally during the lytic promoters (PR in 186 or PE in P2) (Dodd et al.,
infection or through artificial induction of phage growth 1990; Lundqvist and Bertani, 1984). The first gene in the
by DNA-damaging agents such as mitomycin C. In either lytic transcript (186 apl or P2 cox) encodes a protein
case, activation of the lytic pathway is effectively a one- which is responsible for repression of the lysogenic pro-
way event; that is, once the phage has excised from the moter (Dodd et al., 1990; Saha et al., 1987, 1989). An
host genome, it is committed to the lytic pathway. For additional level of control exhibited in these systems is
this reason, tight regulation of the lysogenic and lytic that this protein not only represses transcription from
pathways is required. Often, this regulation exists at the the lysogenic promoter, but also participates directly in
level of early gene transcription. In l phage, control of the excision of the phage from the host genome (Dodd
the lytic/lysogenic switch involves the CI repressor and et al., 1993; Yu and Hagga˚rd-Ljungquist, 1993b). These
the Cro protein, which bind to sequences in the lambda two functions appear to be controlled by the same DNA-
operator regions (Hochschild et al., 1986; Ptashne, binding activity.
1987). Binding of CI represses the lytic operon, which We have identified the putative early transcriptional
produces Cro, while binding of Cro inhibits transcription switch of HP1 and have located the genes believed to
of the lysogenic operon, which produces CI. This bista- be responsible for its control. The HP1 Cox protein has
ble switch maintains tight control over the early tran- been shown to bind to sites in the promoter region and
scription of lambda genes (Bushman and Ptashne, 1988; we have demonstrated that it is capable of acting as a
Ptashne, 1987). transcriptional repressor. In addition, the HP1 CI repres-
sor was identified and was shown to act as a transcrip-
tional regulator; its binding sites have also been identi-1 To whom correspondence and reprint requests should be ad-
fied. Studies on the overlapping HP1 promoters and thedressed at present address: Laboratory of Molecular Biology, NIDDK,
activities of Cox and CI at those sites have clearly dem-NIH, 5 Center Drive MSC0560, Bethesda, MD 20892. Fax: (301) 496-
0201. E-mail: domespo@helix.nih.gov. onstrated the presence of a transcriptional switch in HP1
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which directly controls the decision between lysogenic constructs under the control of PL , fragments were di-
gested with AvaI and HindIII and cloned into similarlyand lytic growth.
restricted pKK232-8. For PR-directed constructs, frag-
ments were digested with BamHI and SalI and clonedMATERIALS AND METHODS
into similarly restricted pKK232-18.
General materials The constructs containing PL or PR alone were made
by combining primers 2 or 3 with one of two additionalPlasmid DNA was purified with QiaPrep Kits (Qiagen,
primers located between the regions of the two promot-Inc.) and Wizard columns (Promega). Bacterial growth
ers. The PR construct using primers CAT2 and CAT5 wasmedium was purchased from Difco, Inc. Antibiotics were
digested with AvaI and HindIII, while the PL constructpurchased from Sigma Chemicals. Chloramphenicol ace-
using primers CAT3 and CAT6 was digested with BamHItyl transferase standards were purchased from Promega,
and HindIII, and both were ligated into pKK232-18.Inc. [3H]acetyl Coenzyme A ([3H]acetyl CoA; 5.2 Ci/mmol)
The cIts1 mutant was constructed with primer CAT3was purchased from Amersham, Inc. Protein was as-
and primer CAT7, which corresponded to a region insidesayed by the Bio-Rad Protein Assay. AmpliTaq and other
the cI gene. This primer was constructed prior to thePCR reagents were from Perkin-Elmer, Inc. Restriction
discovery of a sequencing error which extended the cIenzymes, T4 polynucleotide kinase, the Klenow fragment
gene by 30 bp. The resulting fragment amplified by PCRof DNA polymerase I, and T4 DNA ligase were from New
with this primer and primer 3 contained a cI gene whichEngland Biolabs.
produced a CI protein that replaced its final 6 amino
acids with 44 amino acids from the vector sequence.Bacterial strains and plasmids
Constructs designed for use in H. influenzae were cre-
Escherichia coli strain DH5a was from Bethesda Re- ated by removing a fragment of the E. coli plasmids which
search Laboratories and was grown in solid or liquid contained the HP1 inserts, the CAT gene, and the tran-
LB medium supplemented with antibiotics as needed. scriptional terminators. This fragment was cut out with
pKK232-8, which contains a promoterless CAT gene, was EcoO109I, overhangs were removed by T4 DNA polymer-
purchased from Pharmacia, Inc. pKK232-18 is a deriva- ase, and the fragment was ligated into the BamHI site
tive of pKK232-8 made by removing the AvaI–HindIII frag- of pSUK1 which was blunt-ended with the Klenow frag-
ment of the pKK232-8 polylinker and replacing it with the ment of DNA polymerase I. The pSUK1 vector contains
AvaI–HindIII polylinker from pUC18. This was done to the P15a origin of replication from pSU2719 (Chandler,
permit simultaneous cleavage by BamHI and SalI, which 1991), making it capable of replication in both E. coli and
are directly adjacent in pKK232-8, but are separated by H. influenzae, and the kanamycin resistance gene from
an XbaI site in pUC18. pHPC414, which contains the Tn10 (Kleckner, 1989), which is functional in both bacteria
leftmost 6.5 kb of the phage genome, was previously as well.
described (Esposito and Scocca, 1994). pPRO1 was con- The repressor-binding site mutations were introduced
structed by amplifying a 345-bp fragment from the HP1 using the MR-PCR method (Ito et al., 1991). The mutations
promoter region (residues 3574–3919) by PCR using replaced the GGG in each site with different bases; the
primers 11.0R and 12.1L and pHPC414 as the template. primers used are listed in Table 1. Mutations in RS1
This fragment was then ligated to pUC18 using BamHI and RS2 were constructed simultaneously using a single
and PstI restriction sites on the primers. mutagenic primer (RS12). The RS3 and RS4 mutations
were then introduced using another primer (RS34) duringCreation of constructs for CAT assays
a separate mutagenesis experiment. Cox-binding site
mutations were introduced in a similar manner by MR-CAT constructs were made by ligating PCR-amplified
portions of HP1 DNA to the polylinker region of pKK232- PCR using a single mutagenic primer shown in Table 1.
This mutation eliminated the GGTM sequence in both8 or pKK232-18. Oligonucleotide primers used to create
the constructs are listed in Table 1. Each of four primers repeats.
contained two restriction sites at the 5* end, and different
pairs of these primers were used to produce PCR frag- Chloramphenicol acetyl transferase assays
ments containing various combinations of the two phage
promoters and the cI and cox genes. Primer CAT1 cre- The CAT assay used in this paper was a modified
version of the published protocol (Cassinotti and Weitz,ated a fragment containing the cI gene and the PR pro-
moters, primer CAT2 contained the PR promoters alone, 1994). Overnight cultures (1 ml) of E. coli containing one
of the CAT constructs were diluted 1:50 into fresh 2-mlprimer CAT3 contained the PL promoter alone, and primer
CAT4 contained the PL promoter and the cox gene. Com- cultures of LB supplemented with 100 mg/ml carbenicillin
and grown at 30 or 377. Cultures were grown to an OD600binations of primers 1 or 2 with 3 or 4 produced the four
possible constructs. Directionality was determined by the between 0.5 and 1.0 and a portion of the culture (1 ml)
was removed and spun down in a microfuge to pelletchoice of restriction enzymes used in the cloning. For
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TABLE 1
Oligonucleotide Primers Used in This Study
Primer Position Sequence
11.0R 3592 5*-CCACCGGATCCGCAAAACCATACGCTTCC
11.2R 3632 5*-CATCCTTGCCACCGA
12.1L 3904 5*-CCACCCTGCAGTTTCTTCTCCTTCATC
CAT1 3060 5*-GGAGGCCCGGGTCGACAACTTGAAGAAAAAGCACAT
CAT2 3562 5*-GGAGGCCCGGGTCGACCCAAGATGTTCGGCTAAC
CAT3 3807 5*-GGAGGAAGCTTGGATCCGCGAACTCTTCTCTTGTC
CAT4 3995 5*-GGAGGAAGCTTGGATCCTAACCGCACTTTTGTGCGG
CAT5 3697 5*-GGAGGAAGCTTTGACTGGTCAATTGACCC
CAT6 3745 5*-GGAGGAAGCTTCCATTATTTACCAATACGGGAG
CAT7 3102 5*-GGAGGCCCGGGTCGACCACCTTCCCCACCACATC
RS12 3649 5*-CCTTAAAATTTATATTGACATAATCAAACGATCAAAGATATATTTAAA
RS34 3680 5*-CCCAAGATATATTTAAATATTCAATTGAATAAGTCAAATATATTCC
CS34 3751 5*-GCTTAAACTCCCGTATTTTATACTAATATTATATATTTGACTGGGTC
PKK1 5*-CAACGGTGGTATATCCAGTG
Note. The position in the HP1 genome (Esposito et al., 1996) of the 3* base of the primer is indicated. The PKK1 primer binds a sequence starting
at position 315 in pKK232-8. Underlined portions of the sequence contain restriction sites, mutations, and other DNA which is not homologous to
the phage DNA sequence.
the cells. Cells were resuspended in 1 ml of TE, and ity reported in units of CAT activity per microgram of
protein was calculated by dividing the activity by theextracts were prepared by adding 70 ml of chloroform
and 35 ml 0.1% SDS and vortexing for 30 sec. Reactions mean of the protein concentration measurements.
(400 ml) contained portions of the extract diluted in Buffer
I (0.1 M Tris–Cl, pH 8.0), 625 mM chloramphenicol, 25 Primer extension assays
mg/ml acetyl CoA, and 0.1 mCi [3H]acetyl CoA. Samples
RNA was prepared from 5-ml cultures of E. coliwere mixed and incubated at 377 for 3 hr, at which time
DH5a(pHPC223) or H. influenzae Rd001(pHCR23) usingxylene (400 ml) was added to each tube; the samples
the Qiagen RNeasy kit. Primers (11.0R, 11.2R, CAT3, andwere vortexed for 30 sec, and centrifuged for 2 min in a
PKK1) were labeled using T4 polynucleotide kinase andmicrofuge at maximum speed. A portion (350 ml) of the
[g-32P]ATP (6000 Ci/mmol, Amersham, Inc.), and primerorganic layer was mixed with Ecolite scintillation fluid (4
extension assays were carried out with AMV reverseml), and the samples were counted for 1.5 min in a Beck-
transcriptase and the Promega Primer Extension Systemman LS3801 liquid scintillation counter. The concentra-
according to the manufacturer’s instructions. Extendedtion of protein in the extracts was determined by the Bio-
cDNAs were separated on a 16 1 18 cm 8% polyacryl-Rad protein assay, standardized against BSA, using 30
amide, 7 M urea denaturing gel in 11 TBE. Gels wereand 50 ml of cell extract.
electrophoresed in 0.51 TBE (25 mM Tris, 50 mM boric
acid, 2.5 mM EDTA) at 250 V until the bromphenol blueAnalysis of CAT data
dye reached the bottom of the gel, at which point the
For each CAT construct at a given temperature, the gel was removed, transferred to Whatman 3MM paper,
specific CAT activity was determined as follows. Cell dried under vacuum, and exposed to a Fuji BAS1000
extracts were diluted with Buffer I to at least three differ- imaging plate for 2 hr. Standards used on the primer
ent dilutions, and duplicates of each dilution were as- extension gels were kinase labeled fX174 HinfI Markers
sayed. The counts obtained from each sample were con- (Promega, Inc.).
verted to units of CAT activity by creating a standard
curve based on a set of dilutions of CAT protein stan- DNase I footprinting
dards. These standards were assayed each day to cor-
rect for changes over time in the acetyl CoA mixture, The top strand of pPRO1 was labeled by linearizing
the plasmid with EcoRI, followed by repair synthesis withwhich occurred at a slow but detectable level. The CAT
activity for each sample was divided by the volume of the Klenow fragment of DNA polymerase I and [a-32P]-
dATP (3000 Ci/mmol, Amersham Inc.) and a secondcell extract used in the reaction, and the activities (in
units per microliter) for all of the dilutions were averaged digestion with HindIII. The bottom strand was labeled by
linearizing the plasmid with HindIII, followed by repairtogether to produce a mean activity value. Protein con-
centrations were determined using at least two different synthesis and a second digestion with EcoRI. In both
cases, the 300-bp labeled insert was purified on a 1%volumes of extract using duplicate assays. Specific activ-
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sizes predict transcriptional start sites at residues 3668
and 3696, both corresponding to A residues 4 bases
downstream of the ends of the predicted 010 regions of
the two PR promoters. Quantitation of the cDNAs corre-
sponding to transcripts from the two PR promoters sug-
gests that the PR2 promoter produces five to six times
more transcript than the PR1 promoter. In order to confirm
that the location and activity of these promoters were
consistent in the actual host organism of HP1, similar
experiments were performed on RNA obtained from plas-
mids in H. influenzae. The results were identical to the
results obtained for E. coli with respect to both start site
location and relative promoter strengths of PR1 and PR2
(data not shown). The positions and sequences of the
three promoters, and the predicted start sites determined
from primer extension, are shown in Fig. 2. In all further
experiments in this study, the two PR promoters are
treated as a single entity, because little transcription in
vivo appears to occur from the PR1 promoter and experi-FIG. 1. Autoradiogram of an 8% acrylamide gel of primer extension
products. Primers 11.0R and CAT3 were annealed in the absence (0) mental separation of the two promoters is complicated
or in the presence (/) of RNA, and AMV reverse transcriptase and by their overlapping sequences.
radiolabeled nucleotide were used to produce labeled cDNA strands.
The center lane contains fX174 HinfI markers, the sizes (in bp) of Construction of CAT assay plasmids
which are indicated on the right.
In order to examine the effects of transcriptional regu-
lation on the three promoters, a series of plasmids was
low-melting-point agarose gel and recovered with the designed in which transcription of the chloramphenicol
QiaQuick gel extraction kit (Qiagen, Inc). DNase I foot- acetyl transferase (cat) gene was controlled by the HP1
printing was carried out as previously described (Espo- PL or PR promoters. Eight constructs were designed, half
sito and Scocca, 1997). of which placed the cat gene under the control of PL
and the other half under the control of PR . PCR-amplified
RESULTS inserts were constructed which contained combinations
of the promoters alone or the promoters with the cI or
We had previously identified three s70 type promoters cox genes. Figure 3 shows a scale drawing of this region
in a region of the phage genome which was believed to of the phage, the four main PCR primers used, and the
be involved in early transcription (Esposito et al., 1996). resulting CAT assay constructs. As seen in the figure,
All three promoters scored high positive values in a com-
puter matrix search using a set of known s70 promoters
(Hawley and McClure, 1983; Staden, 1984). The leftward
directed PL promoter scored the lowest of the three, while
the two overlapping PR promoters had slightly higher
scores, but both had suboptimal035 to010 region spac-
ings of 16 and 18 bp. In order to determine whether these
three promoters were active in vivo, primer extension
analysis was performed. Figure 1 shows the results of
primer extension assays using pHPC414 as a template
and two different primers to examine transcription from
PL and the two PR promoters. Using primer 11.0R, a cDNA
of 175 bp was detected, which predicts a start site for
PL at residue 3739. This corresponds to a T residue 5
bp downstream from the end of the 010 residue. It is FIG. 2. Sequence and features of the HP1 promoter region. Arrows
correspond to 035 and 010 regions of the three predicted s70 promot-likely that the actual start site is at the G residue at
ers, and filled circles represent the start sites of the promoters asposition 3740 or the A residue at position 3738, as most
determined by primer extension analysis. Horizontal bars signify re-of the transcriptional start sites in H. influenzae are lo-
gions of DNase I protection provided by Cox, and asterisks indicate
cated at A or G residues. Using primer CAT3, two strong enhancements of DNase I cleavage. Rectangles show the sequence
signals were detected, one at a size corresponding to of the Cox-binding sites (CS), while ovals indicate the predicted CI
repressor-binding sites (RS).172 bp and a much stronger signal at 144 bp. These two
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cox gene (23R). This demonstrates that additional tran-
scription of the region containing the cox gene does not
alter the levels of transcription of cat downstream and
that under these conditions, Cox has no effect on tran-
scription from PR . However, in a similar construct with
cat under the control of PL (24L), CAT activity drops nearly
30-fold, indicating that Cox is capable of repressing tran-
scription from PL .
Addition of the cI gene to the promoter construct with
cat under the control of PL (13L) produced a 10-fold drop
in the activity of the equivalent construct without cI (23L).
This unexpectedly large drop could be an effect of polar-
ity, in that an additional 600 bp of DNA must be tran-
scribed in this construct before reaching the cat gene.
However, a similar result was not observed for the con-
struct containing the cox gene (24R), which would also
be expected to exhibit some polarity effects. An alternate
explanation is that cI autorepresses transcription from
FIG. 3. Schematic diagram of the construction of CAT assay plas- PL . This could occur by direct binding of CI to PL or
mids. The top box shows a scale diagram of the HP1 promoter region could be the effect of CI binding at PR and inhibiting
including the cox and cI genes and the three promoters. Short heavy transcription from the neighboring PL promoter. When thebars above and below the box indicate the position of the four principle
opposing construct is used, where cat is under the con-primers used in the construction of the plasmids in this study. The
trol of PR (13R), no detectable activity was observed. Thebottom six boxes identify the six plasmids and their features. The 2R
and 3L plasmids were made with additional primers as described under lower limit of the assay is 0.01 U/mg, and therefore this
Materials and Methods. represents at least a 70-fold repression of transcription
from PR by the CI gene product.
cIts1 produces temperature-sensitive repressioncombinations of primers 1 and 3 produced a fragment
A variant of CI was inadvertently produced in whichcontaining cI, PR , and PL , while primers 2 and 4 produced
the carboxy-terminal 6 amino acids were deleted anda fragment with cox, PR , and PL . Primers 2 and 3 pro-
duced a fragment with just the two promoters. Constructs
are identified by the two-digit numbers shown in Fig. 3,
representing the primers which were used to construct
them. The identifying number is followed by the letter L
or R, denoting which primer is driving cat transcription.
In addition, as described under Materials and Methods,
two other primers were used to make constructs con-
taining either the PL (called 3L) or the PR (called 2R)
promoters alone. In all cases, inserts were sequenced to
ensure that no unwanted mutations had been introduced
during manipulations.
Transcriptional control of PL and PR
The results of assays on the 10 constructs are summa-
rized in Fig. 4. In constructs containing either promoter
alone, high levels of CAT activity were observed, with
the strengths of PL and PR similar within the error of
the assay. The addition of the second promoter to the
constructs led to a 10-fold drop in the level of CAT activity.
This drop was observed equally for both promoters and
is most likely due to the interruption of early transcription
processes by a transcription complex at the neighboring
promoter.
FIG. 4. Results of CAT assays. The eight constructs are shown with
Addition of the cox gene to the dual-promoter construct their CAT-specific activity calculated as described under Materials and
with cat under the control of PR (24R) produced levels of Methods. The constructs shown are not to scale; the cI gene is 576
bp long, while the cox gene is 240 bp.CAT activity equal to those of the construct lacking the
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TABLE 2 TABLE 3
The Effect of Temperature on the Activity Activity of CAT Promoter Constructs in Haemophilus influenzae
of the CAT Promoter Constructs
Construct Specific activity (U/mg)
Construct Temperature Specific activity (U/mg)
3L (PL only) 68 { 5
2R (PR only) 74 { 713R cI ts1 377 8.0 { 1.0
13R cI ts1 357 2.7 { 0.5
23L 5.1 { 0.713R cI ts1 327 0.5 { 0.2
24L 0.09 { 0.0213R cI ts1 307 0.01
23R 5.5 { 0.513R cI 377 0.01
13R cI 0.01 { 0.0113R cI 307 0.01
13R cI ts1 (377) 6.3 { 0.8
13R cI ts1 (307) 0.01 { 0.0123R 377 7.1 { 0.9
23R 307 8.2 { 1.0
Note. Constructs containing the same inserts used in E. coli were
24L 377 0.28 { 0.05 introduced into H. influenzae, and CAT assays were performed as
24L 307 0.30 { 0.02 described in the text.
Note. Cells grown at the indicated temperatures were used in the
standard CAT assay described under Materials and Methods. Con- The ability of Cox to affect the DNase I cleavage pattern
structs are shown in Fig. 4. on the top and bottom strands of the DNA is shown in
Fig. 5. A clear region of protection was observed as the
Cox concentration was increased. In addition, cleavagereplaced with 44 amino acids translated from sequences
was enhanced at several positions near the boundarieswithin the cloning vector. A construct equivalent to 13R
of the regions of protection. A similar pattern was seenbut containing the mutant cI gene was constructed, and
in the phage attachment site at two previously identifiedCAT assays performed on this construct under normal
Cox-binding sites (Esposito and Scocca, 1997); theconditions gave results similar to that of the control 23R
amount of protection seen at the promoter region sug-construct (Table 2). This suggests that the protein prod-
gests that the relatively low specific binding affinity ofuct of the mutant cI gene was inactive in repression of
Cox for these sites is similar to that seen at the attach-transcription from PR . However, when cells containing
this construct were grown at 307 instead of 377, no detect-
able CAT activity was observed. Further experiments at
intermediate temperatures produced a range of activities
that varied directly with temperature (Table 2), sug-
gesting that the cIts1 mutation was temperature sensitive
for repression of PL . As also shown in Table 2, assays
performed on other constructs at 307 showed minimal
deviation from the values obtained at 377 in Fig. 4.
Transcriptional regulation in H. influenzae
To ensure that host-specific effects were not affecting
the results of these experiments, the cloned CAT assay
inserts were introduced into plasmids which were capa-
ble of replicating in H. influenzae. The results of assays
on these constructs, shown in Table 3, confirm that the
effects of transcriptional regulation by Cox and CI are
nearly identical in H. influenzae and E. coli. Both repres-
sion of PL by Cox and repression of PR by CI are observed
in H. influenzae, and the relative promoter strengths are
very similar.
FIG. 5. DNase I footprinting of HP1 Cox on the top and bottomProtein-binding sites in the promoter region
strands of the promoter region. The DNA (2.4 nM) was a 345-bp HindIII
to EcoRI fragment of pPRO1 as described under Materials and MethodsPreviously, we observed retardation by Cox of a frag-
and labeled at the 3* end of the EcoRI site (lanes 1–4, bottom strand)ment containing DNA from the promoter region (Esposito
or the 3* end of the HindIII site (lanes 5–8, top strand). The concentra-
and Scocca, 1997). To locate the HP1 Cox-binding sites tions of HP1 Cox were as follows: lanes 1 and 8, no Cox; lanes 2 and
more precisely, DNase I protection experiments were 7, 200 nM Cox; lanes 3 and 6, 1 mM Cox; lanes 4 and 5, 3 mM Cox.
Numbers correspond to positions in the sequence shown in Fig. 2.performed on the promoter region fragment of pPRO1.
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ment site. The presence of HP1 Cox in the promoter tected; in addition, cells containing this plasmid were
unable to grow on solid medium containing 20 mg/mlregion afforded protection from DNase I over approxi-
mately 40 bp. This region of the DNA contains two adja- chloramphenicol. This suggested that the CI repressor
had shut down production of cox, creating a situationcent consensus Cox-binding sequences (Esposito and
Scocca, 1997), 5*-GGTMAATAWW (where M  A or C, identical to that seen with the 13R construct. A similar
construct containing the cIts1 gene in place of the cI geneand W  A or T) arranged in a direct repeat; these sites
have been designated CS3 and CS4, and their se- produced identical results at 307. However, when these
cells were grown at 377, they were able to grow on chlor-quences, as well as the extent of DNase I protection and
enhancements, are shown in Fig. 2. amphenicol and produced levels of CAT activity similar
to that of the 23R construct (7.2 U/mg { 1.3). When theseIn addition to the two directly repeated Cox-binding
sites, two sets of 7-bp inverted repeats are also located chloramphenicol-resistant colonies were isolated from
solid medium, grown in liquid medium at 307 for 6 hr, andwithin the promoter region. The first, a perfect inverted
repeat of the sequence 5*-GGGTCAA lies directly down- replated on solid medium at 307, only chloramphenicol-
sensitive colonies were seen. However, if instead theystream of the start site of the PR2 promoter. Interestingly,
the second repeat, consisting of an imperfect inverted were grown in liquid medium at 377 for 6 hr and plated at
307, 20% of the colonies produced were chloramphenicolrepeat of the sequence 5*-GGGTCAA followed by 5*-
GGGTCGT, is in the same relative position, directly resistant. Further, these resistant colonies could then be
isolated and grown at 307 for 18 hr, after which timedownstream of the PR1 promoter. This positioning
strongly suggests that these sites serve as the binding all of them had reverted to a chloramphenicol-sensitive
phenotype. This reversion demonstrates the existence ofsites for the CI repressor. Figure 2 shows the sequence
of the promoter region, including the promoters and a transcriptional switch involving the reciprocal actions
of the CI and Cox proteins.the protein-binding sites. The sites upstream of the PR1
promoter are labeled RS1 and RS2 (repressor sites),
while the sites upstream of the PR2 promoter are labeled DISCUSSION
RS3 and RS4. In order to examine whether these were
CI represses transcription from PRin fact the binding sites for CI, the four binding sites
were mutated, and the resulting construct was exam- Results of CAT assays on constructs containing the cI
gene showed that the CI repressor has a dramatic effectined for the ability of CI to repress transcription from
PR . Cells with the 13R construct (which contains PL , cI, on transcription from the PR promoters. In the presence
of the CI gene, transcription levels dropped at least 70-and CAT under the control of PR) which was mutated at
the four RS sites were capable of growing on chloram- fold and possibly more, since no CAT activity was detect-
able from constructs in which CI repressed PR . When cIphenicol, suggesting that the repression of transcription
from PR was greatly reduced. The mean CAT activity of was expressed in plasmids in which CAT was under the
control of the PL promoter, there was a 10-fold drop inthis construct was 6.4 { 0.4 U/mg, which is within error
of the 7.4 U/mg obtained with the 23R construct lacking CAT activity compared to the control plasmid lacking cI.
This result suggests that CI has an autorepression activ-the cI gene, suggesting that the mutations have in fact
completely eliminated the ability of CI to repress tran- ity, lowering the level of transcription from PL , either by
directly binding at the PL promoter or by interfering withscription at PR .
Mutation of the CS3 and CS4 Cox-binding sites in the PL transcription at a distance.
The cIts1 mutant helped to confirm the activity of CI in24L construct was also carried out. Such mutants were
able to grow on chloramphenicol and produced a CAT repressing PR transcription. From the data in Table 2, it
is clear that the repression activity of the protein productactivity of 6.8 { 0.3, demonstrating that the mutation of
both CS3 and CS4 completely abolished the repression of cIts1 is dramatically affected by temperature. At 377, it
has no effect on transcription at PR , while at 307 it isby Cox. Similar mutations in the CS1 and CS2 Cox-
binding sites at the attachment site also eliminated exci- indistinguishable from the wildtype cI gene product. The
most likely explanation for the temperature sensitivity ission; this has been shown to be a result of the elimina-
tion of specific DNA binding by Cox (Esposito and a structural defect in the protein caused by the addition
of the long carboxy-terminal tail. This defect may involveScocca, 1997).
an inability to multimerize at higher temperatures due to
a disruption in folding stability. Many phage repressorsThe HP1 early promoter region functions as a
have been shown to act as multimers, including the l CItranscriptional switch
and P22 CI proteins, and most recently, the CI repressor
of coliphage 186, which exists in solution as both dimersA construct was made which contained both the PL
and the PR promoters, the cox and cI genes, and the cat and tetramers (Shearwin and Egan, 1996).
The presence of two similar sets of inverted repeatsgene under the control of the PR promoter. When this
construct (14R) was assayed, no CAT activity was de- directly adjacent to the start site of the two PR promoters
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identified possible binding sites for CI. Binding of a pro- Comparisons with other phage systems
tein at these sites would clearly block the start site of
The results obtained in this study are superficially simi-transcription and would potentially interfere with the
lar to results obtained in the two coliphage, P2 and 186,binding of RNA polymerase upstream at the 010 region
both of which share significant homologies in their pro-as well. Mutagenesis of these binding sites restored tran-
tein sequences to HP1 (Esposito and Scocca, 1994). Inscription of cat from PR , suggesting that binding of CI to
both systems, the protein homologous to HP1 Cox (P2the sites was eliminated. There are no similar binding
Cox and 186 Apl) represses transcription from the lyso-sequences present at the PL region, suggesting that the
genic promoter (P2 PC and 186 PL), while the proteinautorepression seen in the 13L construct is most likely
homologous to HP1 CI (P2 C and 186 CI) represses tran-due to binding of CI at the PR region, which causes inter-
scription from the lytic promoter (P2 PE and 186 PR). How-ference with transcription initiating at PL .
ever, there are several potentially interesting differences
between these phage. HP1 is the only one of the threeCox represses transcription from PL
systems which has two PR promoters, though we have
shown that PR1 is relatively weak and probably plays onlyFrom the data in Fig. 4, it is clear that Cox also has a
a small role in vivo. In P2, there is a fivefold higher levelrole in the repression of transcription. Addition of the
of transcription from the lytic promoter than from thecox gene to a construct under the control of PL reduced
lysogenic promoter (Saha et al., 1987). This contraststranscription from PL 30-fold. We have previously shown
sharply with the apparently similar levels of transcriptionthat Cox binding at the CS2 site in the phage attachment
from the HP1 promoters. Similar information is not avail-region is a required step in HP1 excisive recombination.
able in phage 186, in which a construct containing PRWhen Cox binds at that site, HP1 integrase is prohibited
alone was not constructed (Dodd et al., 1990).from binding at its adjacent IBS5 site (Esposito and
Both P2 and 186 show dramatic decreases in promoterScocca, 1997). In a similar way, Cox binding at the CS4
activity from either promoter when the other promoter issite adjacent to the PL promoter start site may interfere
also present on the same construct. In the case of P2,with the binding of RNA polymerase, preventing tran-
transcription from PC decreased 20-fold in the presencescription. Alternately, Cox binding at the CS4 site may
of PE , while in 186, transcription from PL was reducedaffect the structure of the DNA itself, preventing formation
15-fold when PR sequences were present (Saha et al.,of the transcription complex. Figure 2 shows the region of
1987). These numbers compare favorably with the 10-footprinting and DNase I hypersensitivity at the promoter
fold decrease seen in HP1 in similar circumstances.region Cox-binding sites. The strong enhancements at
However, in both P2 and 186, addition of repressor tobases in the 010 region may offer evidence for the latter
the dual-promoter construct restored lysogenic transcrip-mechanism. It is also interesting to note that the CS4
tion to the level seen in the presence of the lysogenicand CS2 sites share a common sequence of 5*-GGT-
promoter alone (Dodd et al., 1990; Saha et al., 1987). InAAATA. Of the four Cox-binding sites, at least three agree
the presence of HP1 CI repressor, the level of transcrip-with this sequence at each position. We have shown that
tion from PL does not increase, but instead, there is amutation of the CS2 site completely abolishes excision
10-fold decrease in the level of transcription from PL forand that binding of Cox to CS2 cooperatively enhances
the PL/PR/cI construct compared to the construct con-the binding of Cox at the CS1 site (Esposito and Scocca,
taining the promoters alone. There are several possible1997). The fact that CS2 shares an identical sequence
explanations for this observation. First, this effect maywith CS4, the site directly adjacent to the 010 region
be due to autoregulation by CI binding at PL ; we believeof PL , may suggest that CS4 plays a major role in the
this is unlikely due to the lack of any observable bindingrepression of transcription. Though mutation of both CS3
sites in the region of PL . Second, the presence of CIand CS4 clearly abolishes all repression, it remains to be
bound at PR may be a better block to transcription fromseen what effect individual mutations in the Cox-binding
PL than RNA polymerase bound at PR , thus limiting thesites will have on transcriptional regulation.
amount of transcription from PL even further. Alternately,Curiously, unlike the results seen with CI, the presence
if the HP1 constructs produce higher levels of repressorof cox did not affect the transcription of its own promoter.
than the P2 or 186 constructs, the effect could be due toThis lack of detectable autorepression may indicate that
gene dosage. At low levels, CI might inhibit transcriptionthe mechanism of Cox binding to its binding sites is such
from PR , but not affect PL transcription. A higher level ofthat it is bypassed or removed as RNA polymerase from
expression would still inhibit transcription from PR , butPL passes by. This bypass must be specific for transcripts
might be able to inhibit transcription from PL . The plas-coming from PL , since PR transcription is clearly blocked
mids used in this study all contain the pBR322 origin ofby the presence of Cox. This suggests that the repression
replication, as did the plasmids in the P2 and 186 studies.seen at PR may be a specific repression of transcription
However, different host strains were used in the threeinitation, but that elongating transcription complexes are
able to bypass bound Cox. studies, and cells were assayed at different stages of
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cell growth. In addition, we have no direct comparison tures for the cI mutation, cells containing these plasmids
were sensitive to chloramphenicol, indicating that CI hadfor the strength of the lysogenic promoters in these three
phage. If HP1 PL was much more active than its P2 or shut down transcription of the cat gene from PR . How-
ever, 6 hr of growth at the nonpermissive temperature,186 counterparts, this could have a significant effect on
the amount of CI produced. which presumably eliminated the activity of the CI repres-
sor, led to the appearance of chloramphenicol-resistantAnother difference between the P2 and 186 systems
and the HP1 is the lack of any detectable HP1 Cox auto- colonies. These cells had lost their ability to repress
transcription of PR and had begun to produce proteinregulation. P2 Cox and 186 Apl both autoregulate their
own lytic promoters (Dodd et al., 1990; Saha et al., 1987). from the cat gene. Even after these cells were returned
to 307, where functional CI repressor would be produced,In P2, the Cox protein has a threefold level of autoregula-
tion, while in 186, Apl represses PR transcription eight- the production of Cox from PR apparently continued to
inhibit transcription from PL . With continued growth,fold. One explanation for this difference is the lack of
apparent Cox-binding sites at the PR region in HP1. The though, all of these cells eventually lost their chloram-
phenicol resistance, suggesting that the switch is notHP1 Cox footprint extends nearly to the start site of PR2 ,
whereas the 186 Apl Cox footprint overlaps the 010 completely stable. In phage 186, a similar phenomenon
was observed, which appeared to be dependent on theregion of PR , and the P2 Cox footprint at least partially
overlaps the 010 region of PE (Dodd et al., 1993; Yu and growth conditions of the cells (Dodd et al., 1990). These
data seem to suggest that for HP1, lysogeny is a moreHagga˚rd-Ljungquist, 1993a). Seven Apl-binding sites
have been identified in the promoter region of phage stable condition than lytic growth; however, in vivo, lytic
growth is greatly favored over lysogeny (Boling et al.,186, including one which sits directly atop the PR tran-
scriptional start site. There are no consensus P2 Cox- 1973). This implies that the environment of the host cells
probably plays a major role in the interactions of thebinding sites near PE , which makes it more difficult to
explain the DNase I protection observed in that region. transcriptional switch. For instance, the SOS system of
the host is involved in the life cycle of many bacterio-The P2 Cox footprint at PE is very weak, even at very
high concentrations of protein, and protection is clearly phages, including l and 186 (Lamont et al., 1989; Sauer
et al., 1982). The SOS-induced RecA protease stimulatesobserved on only one strand (Yu and Hagga˚rd-Ljung-
quist, 1993a). It is possible that this protection is due the self-cleavage of many phage repressors, inactivating
them and eliminating their ability to bind to operator DNAmainly to nonspecific binding, which we observe with
HP1 Cox at similar concentrations. Saha has reported (Brent and Ptashne, 1980; Sauer et al., 1982). Additionally,
other host factors may be involved in the regulation ofthat moving the PE promoter closer to the PC promoter
in P2 increases the autoregulation by Cox (Saha et al., the lysis/lysogeny decision, in order to couple it to cell
growth and environmental stimuli. Such factors could af-1987). This is presumably due to the reduced spacing
between the P2 Cox-binding sites and the PE promoter, fect the activity or stability of the CI or Cox proteins and
thus the stability and direction of the transcriptionalsuggesting that the low level of autoregulation normally
seen is probably due to a blockage of PE-driven tran- switch. We are currently attempting to identify such fac-
tors in order to better understand the in vivo regulationscription by Cox while bound at its three sites down-
stream of PC . of this transcriptional switch.
Regulation of the lysis-lysogeny decision ACKNOWLEDGMENTS
We thank Sharon Henderson, Andrew Sobering, and Scott SteffenThese data offer a convincing picture of a regulatory
for construction of plasmids and technical assistance, and Shani Wan-switch that controls the early events in the HP1 life cycle.
inger for helpful discussion and advice. This work was supported by
In the presence of CI protein, transcription from PR will Grant NP830 from the American Cancer Society. D.E. was supported
be shut down, while PL will continue to function, produc- by a National Science Foundation Graduate Research Fellowship.
ing more CI protein and maintaining the lysogenic state.
This transcript also contains the int gene, the protein REFERENCES
product of which is required for integration. On the other
Bertani, L. E., and Six, E. W. (1988). The P2-like phages and their para-hand, lytic development allows the production of Cox
site, P4. In ‘‘The Bacteriophages’’ (R. Calendar, Ed.), Vol. 2, pp. 73–
from PR , which then binds at PL and inhibits formation 143. Plenum, New York.
of the lysogenic transcript, repressing lysogenic growth. Boling, M., Allison, D., and Setlow, J. K. (1973). Bacteriophage of Haemo-
philus influenzae: Morphology, DNA homology, and immunity proper-Downstream early lytic genes are then produced from
ties of HP1c1, S2, and the defective bacteriophage from strain Rd.PR and lytic development proceeds with replication of
J. Virol. 11(4), 585–591.phage DNA and production of architectural proteins.
Brent, R., and Ptashne, M. (1980). The lexA gene product represses its
A construct containing both promoters and the genes own promoter. Proc. Natl. Acad. Sci. USA 77(4), 1932–1936.
for both cox and cIts1 provided interesting clues into the Bushman, F. D., and Ptashne, M. (1988). Turning lambda Cro into a
transcriptional activator. Cell 54(2), 191–197.in vivo function of the repressor. At permissive tempera-
AID VY 8646 / 6a3e$$$$21 07-02-97 11:51:03 vira AP: VY
276 ESPOSITO, WILSON, AND SCOCCA
Cassinotti, P., and Weitz, M. (1994). Increasing the sensitivity of a com- Kleckner, N. (1989). Transposon Tn10. In ‘‘Mobile DNA’’ (D. E. Berg and
M. M. Howe, Eds.), pp. 229–263. Am. Soc. Microbiol., Washington,mon CAT assay. Biotechniques 17(1), 36–40.
Chandler, M. S. (1991). New shuttle vectors for Haemophilus influenzae DC.
Lamont, I., Brumby, A. M., and Egan, J. B. (1989). UV induction of coli-and Escherichia coli: P15A-derived plasmids replicate in H. influen-
zae Rd. Plasmid 25, 221–224. phage 186: Prophage induction as an SOS function. Proc. Natl. Acad.
Sci. USA 86, 5492–5496.Dodd, I. B., Kalionis, B., and Egan, J. B. (1990). Control of gene expres-
sion in the P2-related temperate coliphage 186. VIII. Control of lysis Lundqvist, B., and Bertani, G. (1984). Immunity repressor of bacterio-
phage P2. Identification and DNA-binding activity. J. Mol. Biol. 178(3),and lysogeny by a transcriptional switch. J. Mol. Biol. 214, 27–37.
Dodd, I. B., Reed, M. R., and Egan, J. B. (1993). The Cro-like Apl repres- 629–651.
Ptashne, M. (1987). ‘‘A Genetic Switch: Gene Control and Phagesor of coliphage 186 is required for prophage excision and binds
near the phage attachment site. Mol. Microbiol. 10(5), 1139–1150. Lambda.’’ Blackwell, London.
Saha, S., Hagga˚rd-Ljungquist, E., and Nordstrom, K. (1987). The coxEsposito, D., Fitzmaurice, W. P., Benjamin, R. C., Goodman, S. D., Wald-
man, A. S., and Scocca, J. J. (1996). The complete nucleotide se- protein of bacteriophage P2 inhibits the formation of the repressor
protein and autoregulates the early operon. EMBO J. 6(10), 3191–quence of bacteriophage HP1 DNA. Nucleic Acids Res. 24(12), 2360–
2368. 3199.
Saha, S., Nordstrom, K., and Hagga˚rd-Ljungquist, E. (1989). ActivationEsposito, D., and Scocca, J. J. (1994). Identification of an HP1 phage
protein required for site-specific excision. Mol. Microbiol. 13(4), 685– of prophage P4 by the P2 Cox protein and the sites of action of the
Cox protein on the two phage genomes. Proc. Natl. Acad. Sci. USA695.
Esposito, D., and Scocca, J. J. (1997). Purification and characterization 86, 3973–3977.
Sauer, R. T., Ross, M. J., and Ptashne, M. (1982). Cleavage of the lambdaof HP1 Cox and definition of its role in controlling the direction of
site-specific recombination. J. Biol. Chem. 272(13), 8660–8670. and P22 repressors by recA protein. J. Biol. Chem. 257(8), 4458–
4462.Hawley, D. K., and McClure, W. R. (1983). Compilation and analysis of
Escherichia coli promoter DNA sequences. Nucleic Acids. Res. 11(8), Shearwin, K. E., and Egan, J. B. (1996) Purification and self-association
equilibria of the lysis-lysogeny switch proteins of coliphage 186. J.2237–2250.
Hochschild, A., Douhan, J. D., and Ptashne, M. (1986). How lambda Biol. Chem. 271(9), 11525–11531.
Staden, R. (1984). Computer methods to locate signals in nucleic acidrepressor and lambda Cro distinguish between OR1 and OR3. Cell
47(5), 807– 816. sequences. Nucleic Acids. Res. 12(1), 505–519.
Yu, A., and Hagga˚rd-Ljungquist, E. (1993a). Characterization of the bind-Ito, W., Ishiguro, H., and Kurosawa, Y. (1991). A general method for
introducing a series of mutations into cloned DNA using the polymer- ing sites of two proteins involved in the bacteriophage P2 site-spe-
cific recombination system. J. Bacteriol. 175(5), 1239–1249.ase chain reaction. Gene 102(1), 67–70.
Kalionis, B., Dodd, I. B., and Egan, J. B. (1986). Control of gene expres- Yu, A., and Hagga˚rd-Ljungquist, E. (1993b). The Cox protein is a modula-
tor of directionality in bacteriophage P2 site-specific recombination.sion in the P2-related temperate coliphage 186. III. DNA sequence
of the major control region of phage 186. J. Mol. Biol. 191, 199–209. J. Bacteriol. 175(24), 7848–7855.
AID VY 8646 / 6a3e$$$$21 07-02-97 11:51:03 vira AP: VY
